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We present a systematic study of the exciton/electron-hole plasma photoluminescence 
dynamics in bulk GaAs for various lattice temperatures and excitation densities. The 
competition between the exciton and electron-hole pair recombination dominates the onset 
of the luminescence. We show that the metal-to-insulator transition, induced by 
temperature and/or excitation density, can be directly monitored by the carrier dynamics 
and the time-resolved spectral characteristics of the light emission. The dependence on 
carrier density of the photoluminescence rise time is strongly modified around a lattice 
temperature of 49 K, corresponding to the exciton binding energy (4.2 meV). In a similar 
way, the rise-time dependence on lattice temperature undergoes a relatively abrupt change 
at an excitation density of 120-180x1015 cm-3, which is about five times greater than the 
calculated Mott density in GaAs taking into account many body corrections. 
PACS number(s): 78.55.Cr, 71.30.+h, 71.35.Ee, 78.47.+p 
 
I. INTRODUCTION 
The carrier dynamics of III-V semiconductors has been extensively studied by means of 
optical techniques in the past decades.1 Time-resolved photoluminescence and pump-probe 
experiments enable the direct observation of the relaxation of carriers photoexcited at different 
energies and densities above the gap. Both in quantum wells (QWs) and in bulk, most of these 
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studies can be classified in two groups attending to excitation density and lattice temperature 
conditions: (i) those devoted to the excitonic regime (low lattice temperature and low excitation 
density -up to 1011 cm-2 in GaAs QWs, and 1015 cm-3 in bulk GaAs-); (ii) those dealing with the 
electron-hole plasma regime (lattice temperature above the exciton binding energy and/or high 
excitation densities). However, the photoluminescence (PL) dynamics in the intermediate range, 
where a Mott transition2 between the excitonic regime and the conducting electron-hole plasma 
phase should take place, has not been investigated in detail in III-V semiconductors: a low-
resolution time-resolved experiment performed in the early 80’s in bulk GaAs (Ref. 3) and a 
very recent study in 2D (Ref. 4) show that such transition, as the density of photogenerated 
carriers is increased, is not abrupt. Also recently, time-resolved broadband THz spectroscopy 
studies have addressed the issue of the exciton to electron-hole plasma transition in QWs by 
means of intraband differential absorption.5, 6 
The carrier relaxation dynamics after a pulsed non-resonant excitation is pretty well 
understood in the aforementioned low and high excitation density regimes. Let us start with the 
excitonic regime. In QWs, after photocreation of heavy-hole electron pairs, the exciton 
formation7, 8 and its relaxation to the bottom of the band result in PL time evolutions with rise 
times, tr, up to several hundreds of ps long. The excitation density dependence of tr is strongly 
influenced by the sample characteristics and the specific excitation conditions of each 
experiment.9 Thus, the literature provides a wide spectrum of experimental data with rise times 
increasing10 or decreasing7, 8, 11-13 when raising the excitation density. On the other hand, in bulk 
III-V samples, these time-resolved studies are scarce14-17 and ascertain that the free-exciton PL 
rise time is strongly influenced by trapping in localization centers. 
Switching now to the electron-hole plasma regime, both in bulk and QWs, time-resolved 
studies have concentrated in the thermalization18-20 and cooling21, 22 mechanisms of the hot 
photocreated carriers, but little attention has been paid to the processes responsible for the onset 
of the luminescence, characterized by its rise time. 
The interplay between excitons and free carriers in III-V semiconductors, and their relative 
contribution to the PL emission at the free-exciton energy, has recently been the subject of 
intense debate. Time-resolved studies have provided a deep insight on this subject.23-26 Using a 
quantum theory of the interaction between photons and an electron-hole population in GaAs 
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QWs, Kira et al. showed that a Coulomb-correlated unbound electron-hole plasma could 
reproduce the PL features traditionally assigned to exciton recombination.23 Recent experiments 
and their interpretation24-26 have led to the idea that, in QWs at low temperatures and 
low/medium excitation densities, excitons constitute a low percentage of the total number of 
excitations in the system; however, due to the large radiative recombination rate of excitons as 
compared to that of band-to-band transitions, the exciton emission dominates the PL spectra. 
Even for densities above the Mott transition, numerical calculations in 1D and 2D systems have 
shown that both free carriers and excitons coexist and contribute to the PL.27 Indeed, the 
competition between the exciton and electron-hole pair contributions to the PL in direct gap 
semiconductors is still an open question, where time-resolved studies can help to clarify the 
situation. 
In this paper we present a systematic study of the exciton/electron-hole plasma PL dynamics 
in bulk GaAs in a wide range of lattice temperatures and excitation densities after a pulsed non-
resonant excitation. We will concentrate on the onset of the luminescence (rise time) and on the 
effect of the coexistence of free carriers and excitons on the temporal evolution of the PL. The 
excitation-power dependence of the rise time for different lattice temperatures presents a 
behavior typical of a metal-to-insulator transition, qualitatively similar to those observed in 
resistivity measurements in doped bulk semiconductors,28, 29 in high mobility two-dimensional 
electron systems,30-32 or in superconducting thin films.33-35 This transition, which is continuous 
but abrupt, takes place at a critical lattice temperature Tc. In a similar way, the lattice-
temperature dependence of the rise time as the excitation density is increased, also undergoes a 
relatively abrupt change at a critical density nc. Thus, monitoring the PL rise time, we observe a 
transition that takes place at a density that is about five times greater than the theoretically 
predicted Mott transition density in photoexcited semiconductors.36 
II. EXPERIMENTAL DETAILS 
The investigated samples, grown by Molecular Beam Epitaxy, were nominally undoped 2.5 
μm GaAs epilayers, encapsulated between two thin AlAs layers to reduce the effects of interface 
recombination.37 The samples were mounted on a cold finger cryostat, which enabled a precise 
control of the lattice temperature in the range 5-100 K, and were non-resonantly photoexcited 
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(1.631 eV) with a Ti:Al2O3 laser that produced 2 ps long pulses. The laser was focused on the 
sample in a 100 μm-diameter spot. The PL was energy- and time-resolved with a synchroscan 
streak-camera coupled to a spectrometer. In these experiments, the time and energy resolution of 
the overall setup is better than 15 ps and 0.3 meV, respectively. 
The excitation density of the photogenerated carriers has been calculated considering the 
measured spot diameter (100±10 μm), the reflectivity and the absorbance of the sample at the 
energy of the excitation pulses, and the number of photons per laser pulse. Considering all the 
uncertainties in these quantities we estimate that the carrier densities are correct within a factor 
of 2. However, the relative uncertainty in the density when comparing two excitation densities 
within our experiments (just given by the measurement of the laser power) is below 2%. 
III. RESULTS AND DISCUSSION 
Figure 1 shows PL spectra recorded 1.8 ns after the excitation at different lattice 
temperatures, TL, for a low excitation density of 0.75x1015 carriers/cm3. For such a long delay, 
thermodynamical quasiequilibrium between free carriers, excitons and the lattice has been 
reached.38 At a lattice temperature of 5 K the spectrum displays the characteristic excitonic 
emission (1.512-1.516 eV range) and electron-acceptor recombination structures at lower 
energies, which have been discussed in detail in Ref. 17. For temperatures up to a critical 
temperature, Tc = 49 K, the spectra are dominated by the excitonic emission. As TL is increased 
in the range 5 K ≤ TL < 49 K the emission from electron-hole pairs becomes apparent (shaded 
regions) at the band gap energy (indicated by arrows), and its relative intensity increases. In this 
temperature range, the full width at half maximum (FWHM) of the PL band also increases with 
temperature (a factor of 2.2 from 5 to 45 K), as it is shown in Fig. 2(b). 
For TL ≥ 49 K the spectra present a much wider overall line-width. Although these 
temperatures imply energies that are above the exciton binding energy, Coulomb-correlation 
effects are responsible for the appearance of a wide PL peak at energies below the bandgap.39 It 
is remarkable that the spectrum corresponding to TL = 49 K undergoes an abrupt shift towards 
lower energies, as can be seen in Fig 2(a), and it is significantly much wider than that at TL = 45 
K. This broadening is observed not only in the overall emission band, but it also becomes  
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FIG. 1. (Color online) PL spectra recorded 1.8 ns after an 
initial pulsed excitation density of 0.75x1015 cm-3 for 
different lattice temperatures, specified on the side. 
Arrows indicate the energy position of the band gap at 
each temperature using the parameters of M. El Allali et 
al., Phys. Rev. B 48, 4398 (1993). The shadowed regions 
show the electron-hole pair luminescence. The inset 
depicts the 30 K spectrum (open symbols) and the fit to a 
lorentzian plus band-to-band recombination (green solid 
line) as described in the text; the dashed lines show these 
two contributions. 
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FIG. 2. (Color online) (a) Energy of the spectral 
maximum extracted from the curves of Fig. 1 (solid 
points) and that obtained from the lorentzian 
contribution of the fitted spectra (open diamonds), 
and energy position of the band gap for each lattice 
temperatures (open red circles; obtained as in Fig. 1). 
(b) Full width at half maximum (FWHM) of the 
whole luminescence band (solid points) and of the 
lorentzian contribution (open diamonds) for each 
temperature; the lines are a guide to the eye. 
 
apparent when we focus on each of the contributions to the PL that appear in the spectra shown 
in Fig. 1. For this purpose a fit is performed in which we use a lorentzian for the excitonic 
contribution plus a band-to-band recombination (with an appropriate joint density of states and 
Fermi distributions for electrons and holes). The fits are only meaningful for TL up to 49 K as 
for higher temperatures the low energy Coulomb-correlated plasma requires a many-body 
treatment and cannot be described by a simple lorentzian line-shape. The inset in Fig. 1 depicts 
the PL (open symbols) together with the fit (solid line) and the two contributions (red dashed 
lines). Let us note that the energy position and FWHM of the lorentzian contribution (excitonic 
emission; open diamonds in Fig. 2) present the same features as the overall PL (solid points in  
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FIG. 3. Time evolution traces at the spectral 
maximum for TL = 20 K (a) and TL = 80 K 
(b). The numbers on the right side of each 
panel show the excitation density for each 
trace in units of 1015 cm-3. 
 
Fig. 2), including the abrupt broadening at TL = 49 K [a factor of 1.5 (1.7) from TL = 45 K to TL 
= 49 K in the excitonic (overall) PL band]. 
The abrupt shift and the broadening at Tc demonstrate that there are two kinds of spectra 
belonging to two different regimes, as we shall discuss below. Moreover, Fig. 2(a) shows that 
the exciton emission energy approaches the band gap at Tc, indicating the vanishing of the 
exciton binding energy, i.e. the exciton ionization, at this lattice temperature. 
Figure 3 depicts PL time-evolution traces at the energy of the spectral maximum for low [20 
K; (a)] and high [80 K; (b)] TL at different excitation densities n. A proper rate equation model 
would be necessary to describe this time evolution. However, the modeling of the electron-hole 
plasma contribution to the luminescence at the spectral maximum is very complicated.23, 24 Thus, 
following the usual practice in the literature, we employ the time for the PL to reach its 
maximum intensity, defined as tr, to analyze the initial emission dynamics. tr is shown for the 
uppermost curve in Fig. 3(a) with a horizontal bar. Let us start discussing the high excitation-
density regime. The temporal traces at these densities (n > 150x1015 cm-3) are qualitatively very 
similar for both lattice temperatures: for such high densities the system behaves like an electron-
hole plasma due to the effective carrier screening, and the initial carrier temperatures are much 
larger than TL. A detailed analysis of the traces shows that for TL = 80 K the rise times are 
shorter due to the enhancement of the phonon-assisted relaxation of carriers in the bands, and to  
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FIG. 4. Time evolution traces at the spectral 
maximum of the luminescence for different lattice 
temperatures (TL) at an excitation density of 
0.75x1015 cm-3. The circle encloses the fast 
component of the onset of the PL for TL = 20 K. 
the opening of non-radiative recombination channels associated to carrier-phonon scattering at 
high lattice temperatures. On the other hand, at low excitation densities the PL time evolution 
presents very different features at TL = 20 K and TL = 80 K, as easily seen in Fig. 3. 
The shape and characteristic times of the onset of the PL, at low excitation densities, are 
strongly dependent on the lattice temperature. Figure 4 depicts temporal traces for an excitation 
of 0.75x1015 cm-3 at different TL at the spectral maximum. For temperatures up to 45 K the onset 
of the luminescence is characterized by two distinct features: (i) a fast initial component 
(enclosed by a circle in the trace of 20 K); and (ii) a subsequent slower rise. The interplay 
between the exciton and electron-hole pair emissions is responsible for the shape of the time 
evolution of the onset of the PL at the free-exciton energy. 
This interplay results in a competition between the fast component (related to electron-hole 
pair recombination) and the slow component (excitonic recombination) in the onset of the 
luminescence, as we will discuss in the following paragraphs. 
At low excitation densities, such as the one corresponding to Fig. 4, the slow component fully 
dominates the onset of the PL at the lowest TL (5 K). Under these conditions the PL is mostly 
arising from excitonic recombination.9, 24 The long tr reflects the slow phonon-assisted exciton 
relaxation from states of large momentum k, where electron and holes were bound to form 
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excitons, to the radiatively active states at k = 0.14 The fast component, already seen at 13 K, has 
been previously observed in GaAs and tentatively attributed either to the emission of free 
electron-hole pairs15 or to a rapid exciton formation mediated by LO-phonon interactions.40 Our 
results discard the latter mechanism since the fast component is absent at the lowest temperature 
and LO-phonon emission is temperature independent. Therefore, the fast component in the rise 
can be unambiguously attributed to the recombination of unbound electron-hole pairs. 
As TL is increased, the fast component becomes more important, as can be seen in Fig. 4. 
Therefore, the fraction of excitons present in the system at short times is reduced when TL is 
increased, which is in agreement with the computational results of Koch et al. presented in Ref. 
27. For TL > Tc = 49 K, the fast initial component fully dominates the rise time. For those values 
of TL excitons are ionized (as kBTL > 4.2 meV, the exciton binding energy, for TL > 49 K) and all 
the luminescence arises from the recombination of Coulomb-correlated electron-hole pairs (see 
Fig. 1). 
We have just discussed the behavior of the fast rising component of the PL for a given low 
excitation density as a function of TL. Let us now examine this dependence at a given TL for 
different excitation powers. For a low TL [i.e., 20 K; Fig. 3(a)], where exciton formation is not 
inhibited by thermal ionization, the fraction of electron-hole pairs that bind to form excitons 
increases with increasing excitation density.9, 41 As a result, the fast component in the PL rise 
(electron-hole recombination) is overcome by the slow excitonic component when the excitation 
density is increased (0.3x1015 < n < 3.0x1015 cm-3 at short times), as borne out by our 
experiments. However, with a further increase in the excitation density, screening between 
carriers starts to be an important factor and inhibits the binding of electron-hole pairs into 
excitons;27 electron-hole pair recombination is again important and the dynamics accelerate. At 
the highest densities (n > 150x1015 cm-3) the emission occurs mainly from electron-hole pair 
recombination. 
The preceding discussion shows that the interplay between the exciton recombination and 
electron-hole pair emission determines the shape of the time evolution of the onset of the PL at 
the free-exciton energy. At the shortest times the emission comes mainly from electron-hole pair 
recombination (fast component). Its relative contribution to the PL, compared to the excitonic 
one (slow component), increases when TL is increased and decreases when the excitation density 
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is increased, as long as the excitation density is kept below 15x1015 cm-3. With a further increase 
in excitation density (above 150x1015 cm-3) the system is populated by electron-hole pairs as 
exciton formation is hindered by screening. 
Figure 4 also shows a striking feature in the high TL temporal evolutions. For TL above 49 K 
the fast component of the onset of the PL is followed by an initial fast decay, which is more 
evident as TL is increased. If we focus on the TL = 80 K case, Fig. 3(b) reveals that this fast 
initial drop is more important at low excitation densities, being completely absent for n > 
50x1015 cm-3. The origin of this initial fast decay may be sought in the warming of the electron-
hole plasma. At the lowest excitation densities, the fast subpicosecond thermalization18, 19 in 
conjunction with efficient LO-phonon assisted relaxation, results in thermalized carrier 
populations with initial temperatures close but slightly below TL. Figure 5 shows the initial 
carrier temperature T  (averaged over the first 25 ps, i. e., just before the initial fast decay) as a 
function of excitation density for TL = 80 K. The temperature was extracted from the high 
energy tail of the PL assuming, for the sake of simplicity, Boltzmann distributions.42 Indeed, for 
excitation densities below 50x1015 cm-3 the initial carrier temperature is lower than TL. We 
interpret the initial fast decay of the PL as a consequence of the warming of the carriers to TL, 
which changes the carrier distributions, in particular resulting in a depletion of the states at the 
energy of the maximum of the PL band. This effect has been observed for excitons in GaAs 
QWs.13 For n > 50x1015 cm-3 this initial drop is absent since the carrier temperature is above TL 
and, therefore, the depletion does not occur. 
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FIG. 5. Initial carrier temperature, T  (averaged 
over the first 25 ps), as a function of excitation 
density for TL = 80 K; the solid line is a guide to the 
eye. 
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FIG. 6. (Color online) Rise time as a function of 
excitation density for different lattice temperatures. 
Solid symbols correspond to the excitonic/insulating 
phase; open symbols correspond to the electron-
hole/metallic phase. The solid grey line is a guide to 
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FIG. 7. (Color online) Rise time versus lattice 
temperature for each set of excitation densities (note 
that excitation densities are in units of 1015 cm-3). 
The inset shows the temperature range 42 K - 105 K 
in greater detail for excitation densities 0.3x1015 cm-3 
(squares), 30x1015 cm-3 (solid triangles) and 300x1015 
cm-3 (open triangles). 
The main point we can extract from all the above discussions is that a critical temperature Tc 
= 49 K can be identified, which sets a boundary in the spectral (Fig. 1) and dynamic (Figs. 3 & 
4) behavior of carriers in the system. In the case of the dynamics, the interplay between the 
excitonic (slow component) and electron-hole pair (fast component) recombination is 
summarized in Figs. 6 and 7 for different TL and excitation densities. Figure 6 depicts tr as a 
function of excitation density, n, for different lattice temperatures. The curves can be classified 
in two groups, corresponding to TL < Tc (solid symbols) and TL > Tc (open symbols), plus the 
curve at 49 K. The tr dependence on n of these groups shows certain symmetry with respect to 
the TL = Tc curve, with negative curvature for TL < Tc and positive for TL > Tc. This symmetric 
behavior is characteristic of a metal-to-insulator transition,28, 31 with TL as the order parameter 
having a critical value of 49 K (in resistivity measurements in doped semiconductors the order 
parameter in the metal-to-insulator transition is the electron density). The lattice temperature 
that sets the boundary between the insulator and metal behavior in tr (Tc = 49 K) coincides with 
the exciton binding energy (i. e., kBTc = 4.2 meV). This fact evidences that ionization is 
dominated by exciton-phonon interaction rather than by exciton-exciton scattering. 
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The first group of curves in Fig. 6, TL < 49 K (solid symbols), corresponds to the excitonic 
insulating phase in which the onset of the PL is dominated by the slow component and tr is 
governed by the exciton relaxation. For n < 3x1015 cm-3 and TL up to 30 K, the monotonic 
increase of tr with density is related to the trapping of free excitons in bound states.17 For higher 
excitation densities, the steady decrease of tr with increasing density arises from the fast 
relaxation of excitons induced by exciton-exciton scattering.7 The second group, TL > 49 K 
(open symbols), corresponds to the metallic phase, with the onset of the PL dominated by the 
fast component (electron-hole pair recombination). The rise time, which increases monotonically 
with increasing n, is determined by the thermalization and cooling of carriers. This increase can 
be qualitatively explained taking into account the initial carrier temperature. For densities above 
~50x1015 cm-3, the temperature of the initial electron-hole plasma is higher than TL (see Fig. 5); 
carriers cool down to TL through carrier-phonon interaction and it takes some time to reach the 
highest occupation of the lowest energy states, resulting in a delay for the PL to reach its 
maximum.13 As the excitation density is raised, the initial carrier temperature is higher and the 
cooling takes longer, leading to an increase of tr.22, 43, 44 
Only at the highest excitation densities, in the region where all the curves tend to approach a 
common value of tr ≈ 100 ps, the rise time is essentially characterized by electron-hole 
recombination for any lattice temperature, due to the effective carrier screening as already 
discussed above. In order to reinforce this idea we have plotted, in Fig. 7, the rise-time 
dependence on TL for several excitation densities. There is a temperature (49 K, the critical 
temperature) for which tr is nearly independent of the excitation density. Moreover, the curves 
reverse their order when crossing this temperature (see inset of Fig. 7; only 3 curves are shown 
for clarity). These two facts are qualitatively identical to what is found in resistivity studies 
around the metal-to-insulator transition in two dimensional high mobility semiconductors.31, 32 
Figure 7, shows again two groups of curves, separated by an excitation density of ~150x1015. 
For n ≤ 120x1015 cm-3 (solid points) and TL < 49 K, the dependence of the rise time on lattice 
temperature reflects the aforementioned interplay between exciton and electron-hole pair 
recombination. For n ≥ 180x1015 cm-3 (open points) the rise-time dependence on TL shows a 
behavior much less dependent on excitation density, as in this regime the carriers in the system 
form an electron-hole plasma (metallic state). Thus, the excitation density range 120-180x1015 
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cm-3 establishes a phase boundary in the characteristics of the onset of the PL, similar to the TL = 
49 K boundary discussed above. The metal-to-insulator transition in the system is set by this 
density range (densities varying by a factor 1.5), much more abrupt than the observed Mott 
transition in recent experiments in QWs,4 which takes place over an order of magnitude in 
excitation densities. The transition densities we find are about five times greater than the 
theoretical calculations for the Mott transition by Haug and Schmitt-Rink.36 Their calculations, 
making use of Hartree-Fock and self-screening corrections to the exciton energy, yield a Mott 
density for GaAs of 28.1x1015 cm-3 at TL = 0. 
Finally, let us further comment on the relation between the exciton binding energy and the 
density and temperatures at which the Mott transition takes place. This can be readily 
investigated in QWs, where the binding energy can be controlled by varying the well width. One 
could argue that higher binding energies would lead to higher critical lattice temperatures for the 
metal-to-insulator transition. Theoretical calculations45 show that for GaAs/AlGaAs QWS, both 
the binding energy and the critical transition density increase when the well width is reduced, 
confirming that a stronger exciton is harder to dissociate. However, the scenario is rather 
complex as demonstrated by calculations showing a transition temperature varying from 40 K to 
80 K when the carrier density is increased in a given GaAs/AlGaAs QW.46 
IV. SUMMARY 
In conclusion, we have demonstrated that both the spectral and carrier dynamics properties of 
bulk GaAs at various lattice temperatures and excitation densities are dominated by the interplay 
between exciton and electron-hole pair recombination and relaxation. Both contributions to the 
PL coexist and cannot be separated at low temperatures (below 49 K) and low excitation 
densities (below 120-180x1015 cm-3). We have shown evidence of a continuous but rather abrupt 
metal-to-insulator transition in the rise-time characteristics, at a lattice temperature of 49 K. This 
temperature is very close to that associated to the exciton binding energy in bulk GaAs (48.7 K, 
4.2 meV respectively). This fact suggests that the transition is ruled by exciton-phonon 
interaction rather than by exciton-exciton scattering. Similarly, an excitation density of 120-
180x1015 cm-3 sets a transition in the rise-time dependence on lattice temperature, which is about 
five times greater than the theoretical Mott transition density. 
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